The interaction of the eukaryotic translation initiation factor eIF4E with the initiation factor eIF4G recruits the 40S ribosomal particle to the 5′ end of mRNAs, facilitates scanning to the AUG start codon, and is crucial for eukaryotic translation of nearly all genes. Efficient recruitment of the 40S particle is particularly important for translation of mRNAs encoding oncoproteins and growth-promoting factors, which often harbor complex 5′ UTRs and require efficient initiation. Thus, inhibiting the eIF4E/eIF4G interaction has emerged as a previously unpursued route for developing anticancer agents. Indeed, we discovered small-molecule inhibitors of this eIF4E/eIF4G interaction (4EGIs) that inhibit translation initiation both in vitro and in vivo and were used successfully in numerous cancer-biology and neurobiology studies. However, their detailed molecular mechanism of action has remained elusive. Here, we show that the eIF4E/eIF4G inhibitor 4EGI-1 acts allosterically by binding to a site on eIF4E distant from the eIF4G binding epitope. Data from NMR mapping and high-resolution crystal structures are congruent with this mechanism, where 4EGI-1 attaches to a hydrophobic pocket of eIF4E between β-sheet 2 (L 60 -T 68 ) and α-helix 1 (E 69 -N 77 ), causing localized conformational changes mainly in the H 78 -L 85 region. It acts by unfolding a short 3 10 -helix (S 82 -L 85 ) while extending α-helix 1 by one turn (H 78 -S 82 ). This unusual helix rearrangement has not been seen in any previous eIF4E structure and reveals elements of an allosteric inhibition mechanism leading to the dislocation of eIF4G from eIF4E. allosteric inhibitor | NMR spectroscopy | inhibitor of protein-protein interaction T he translation initiation factor eIF4E is overexpressed in numerous human cancers and drives cellular transformation, tumorigenesis, and metastatic progression in preclinical and clinical experiments. These oncogenic processes are driven selectively, increasing the translation of a subset of oncogenic mRNAs that has highly structured 5′ UTRs (1, 2) or other regulatory elements (3). eIF4E also seems to play critical roles in learning and memory (4, 5). The protein-protein interaction between eIF4E and eIF4G is a decisive event in eukaryotic protein synthesis, because the interaction of eIF4E with eIF4G is critical for the formation of the trimeric eIF4F complex consisting of eIF4E, the multidomain scaffold protein eIF4G, and RNA helicase eIF4A. This eIF4F complex along with eIF3 mediate the recruitment of the 40S ribosomal particle to the 5′ cap of mRNA. Thus, targeting the eIF4E/eIF4G interaction has emerged as an opportunity for the development of previously unavailable anticancer agents (6). Indeed, small-molecule inhibitors of this interaction (4EGIs, which bind to eIF4E and prevent eIF4G recruitment) were discovered that exhibit this desired activity in vitro and in vivo (7). These agents have now been widely used in numerous cancer-biology (8-15) and neurobiology studies (16-18).
Structure of the eukaryotic translation initiation factor eIF4E in complex with 4EGI-1 reveals an allosteric mechanism for dissociating eIF4G The interaction of the eukaryotic translation initiation factor eIF4E with the initiation factor eIF4G recruits the 40S ribosomal particle to the 5′ end of mRNAs, facilitates scanning to the AUG start codon, and is crucial for eukaryotic translation of nearly all genes. Efficient recruitment of the 40S particle is particularly important for translation of mRNAs encoding oncoproteins and growth-promoting factors, which often harbor complex 5′ UTRs and require efficient initiation. Thus, inhibiting the eIF4E/eIF4G interaction has emerged as a previously unpursued route for developing anticancer agents. Indeed, we discovered small-molecule inhibitors of this eIF4E/eIF4G interaction (4EGIs) that inhibit translation initiation both in vitro and in vivo and were used successfully in numerous cancer-biology and neurobiology studies. However, their detailed molecular mechanism of action has remained elusive. Here, we show that the eIF4E/eIF4G inhibitor 4EGI-1 acts allosterically by binding to a site on eIF4E distant from the eIF4G binding epitope. Data from NMR mapping and high-resolution crystal structures are congruent with this mechanism, where 4EGI-1 attaches to a hydrophobic pocket of eIF4E between β-sheet 2 (L 60 -T 68 ) and α-helix 1 (E 69 -N 77 ), causing localized conformational changes mainly in the H 78 -L 85 region. It acts by unfolding a short 3 10 -helix (S 82 -L 85 ) while extending α-helix 1 by one turn (H 78 -S 82 ). This unusual helix rearrangement has not been seen in any previous eIF4E structure and reveals elements of an allosteric inhibition mechanism leading to the dislocation of eIF4G from eIF4E.
allosteric inhibitor | NMR spectroscopy | inhibitor of protein-protein interaction T he translation initiation factor eIF4E is overexpressed in numerous human cancers and drives cellular transformation, tumorigenesis, and metastatic progression in preclinical and clinical experiments. These oncogenic processes are driven selectively, increasing the translation of a subset of oncogenic mRNAs that has highly structured 5′ UTRs (1, 2) or other regulatory elements (3) . eIF4E also seems to play critical roles in learning and memory (4, 5) . The protein-protein interaction between eIF4E and eIF4G is a decisive event in eukaryotic protein synthesis, because the interaction of eIF4E with eIF4G is critical for the formation of the trimeric eIF4F complex consisting of eIF4E, the multidomain scaffold protein eIF4G, and RNA helicase eIF4A. This eIF4F complex along with eIF3 mediate the recruitment of the 40S ribosomal particle to the 5′ cap of mRNA. Thus, targeting the eIF4E/eIF4G interaction has emerged as an opportunity for the development of previously unavailable anticancer agents (6) . Indeed, small-molecule inhibitors of this interaction (4EGIs, which bind to eIF4E and prevent eIF4G recruitment) were discovered that exhibit this desired activity in vitro and in vivo (7) . These agents have now been widely used in numerous cancer-biology (8) (9) (10) (11) (12) (13) (14) (15) and neurobiology studies (16) (17) (18) .
The activity of eIF4E is regulated by the eIF4E-binding proteins (4EBPs) in a phosphorylation-dependent manner (19) (20) (21) , and 4EBPs act as tumor suppressors in mice (22) by competing with eIF4G for binding to eIF4E. Cocrystal structures of eIF4E with eIF4GII 621-634 or 4EBP-1 [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] reveal that eIF4E binds to a common YxxxxLΦ consensus motif (Φ is hydrophobic, and x is any residue) (23) . In an effort to mimic the function of 4EBP, the small-molecule inhibitor 4EGI-1 was previously discovered in a high-throughput fluorescence polarization screen (7) . 4EGI-1 exists in two stable E and Z isomers that bind both the capbound and cap-free forms of eIF4E with equilibrium dissociation constants between 10 and 20 μM in direct in vitro binding experiments using fluorescence quenching, and the Z isomer exhibits slightly higher affinity than the E isomer ( Fig. 1 ). 4EGI-1 disrupts eIF4E/eIF4G association in vitro and in vivo, reduces viability, inhibits the proliferation of a broad spectrum of cancer cells, such as breast cancer (7, 8) and multiple myeloma (7, 9, 10) , and inhibits tumor growth in animal models of human cancers, such as acute myelogenic leukemia (9) and chronic lymphocytic leukemia (14) . It was shown to enhance apoptosis in cancer cell lines (7, 9, 10) and exhibited limited toxicity in an adult mouse model (8) . It exhibits enhanced activity against hypoxic tumors caused by HIF-1α induced up-regulation of Significance eIF4E is critical for protein synthesis and becomes hyperactive in cancer cells. Small-molecule inhibitors of the eIF4E/eIF4G initiation factor complex have recently been found to exhibit antitumor activity in vitro and in vivo. However, their mode of action at the atomic level has remained elusive. Here, we report high-resolution crystal structures of complexes of 4EGI-1 analogue inhibitors with eIF4E. We find that inhibition of eIF4G binding must be allosteric, because the 4EGI-1 and eIF4G bind at distant epitopes on eIF4E. Compound binding induces extension of an α-helix that stretches between the two binding sites. Indeed, mutations increasing helix propensity in this region reduce eIF4G affinity in the absence of the inhibitor, which is consistent with the proposed allosteric model. eIF4E (11) . 4EGI-1 was also found to have antiprion activity (24) and was shown to inhibit symptoms of autism in mouse models (18, 25) . However, the molecular mechanism of 4EGI-1 action, particularly its mode of binding to eIF4E and displacing eIF4G, has remained elusive. Here, we report high-resolution X-ray crystal structures of eIF4E in complexes with 4EGI-1 and two analog compounds and reveal that the inhibitors act by an allosteric mechanism.
Results NMR Mapping of the 4EGI-1 Binding Site on eIF4E. To obtain more detailed structural insights about the mode of action of 4EGI-1, we analyzed intensity changes of signals in 1   H-13 C-and   1   H-15 Ncorrelated NMR spectra of eIF4E on titration with 4EGI-1[E], the more soluble isomer (Figs. S1 and S2). The data suggested an inhibitor contact site distant to the eIF4GII 621-634 peptidebinding epitope identified that was initially hypothesized as a potential binding site for 4EGI-1 (26) based on the previously determined peptide/protein cocrystal structure (23) . Furthermore, 4EGI-1 did not appear to bind to a large cavity between α-helix 1 and α-helix 2 , which was presumed to play a role in binding the Lassa fever virus (arenavirus) protein Z on eIF4E (27) . In contrast, the NMR signals affected by 4EGI-1 binding are primarily located at a lateral surface of eIF4E between the cap-binding loop connecting strands-β 1 and -β 2 and the dorsal helices adjacent to the C-terminal end of helix-α 1 . This 4EGI-1 binding site is distant to the eIF4G-binding site located at the N terminus of α 1 , helix-α 2 , and the N-terminal end of strand-β 1 . This finding was the first indication, to our knowledge, of an allosteric mechanism of inhibition.
X-Ray Crystal Structure of the eIF4E/Inhibitor Complex. Because NMR line broadening of eIF4E spectra obtained in the presence of 4EGI-1 did not allow the measurement of intermolecular NOEs and determination of a detailed solution NMR structure, we pursued X-ray crystallography. We succeeded to cocrystallize complexes of eIF4E with 4EGI-1[E] and two analogs (pA4EGI-1[E] and 4EGIpBr [E] ), but no crystals could be grown containing Z isomers. Structures were determined by molecular replacement at 1.5-1.8 Å resolution (Fig. 2, Fig. S3 , and Table S1 ). Ligands were unambiguously observed in unbiased difference electron density maps calculated at the early stage of structure refinement before the ligand molecules were included in the model (Fig. S3) . Consistent with the NMR titrations, 4EGI-1[E] binds to an epitope distant to the eIF4GII 621-634 binding site, again suggesting an allosteric mechanism (Figs. 2 and 3 and Figs. S1 and S2). The compound stretches from a hydrophobic bay next the C terminus of helix-α 1 to a pocket surrounded by three basic side chains (Fig. 2C) .
Currently, there are 27 eIF4E structures in the Protein Data Bank (PDB) database of various eIF4E constructs or homologs from human to yeast (Table S2) . Our data reveal a backbone fold similar to all previous structures. Likewise, the hand-like fold of eIF4E grabs the cap nucleotide at the ventral side, whereas the dorsal helices form a dimer in the crystal with C2 pseudosymmetry ( Figs. 2 and 3A ). This dimerization contact in the crystal is similar to all structures in the PDB, except for those containing eIF4GII-or 4EBP-derived ligand peptides (23) . Here, only one of the protein molecules in the pseudosymmetric dimer binds the 4EGI-1[E] analogs, indicating a 2:1 protein-to-ligand stoichiometry in the crystal. Thus, we can compare the free and ligandbound states in the same crystal ( Fig. 3 and Fig. S4 ).
Comparison of the Ligand-Free and the Ligand-Bound States. Differences between the ligand-bound chain A and ligand-free chain B states are plotted as rmsds on a residue level in Fig. 3B . Compared with the ligand-free state, the 3,4-di-chloro-phenyl moiety of 4EGI-1[E] binds to a hydrophobic groove between α 1 -helix and β 2 -strand and induces elongation of α 1 -helix by one turn (H 78 -L 85 , Region II in Figs. 2A and 3B ). This conformation change comes at the expense of a small 3 10 -helix (S 82 -L 85 ) located between helices-α 1 and -α 2 in the ligand-free eIF4E. The 3 10 -helical loop disappears and migrates back in sequence to elongate helix-α 1 at its C terminus. The o-nitro-phenyl group sticks into a pocket formed by the loop between strands-β 1 and -β 2 (residues 46-64), where the backbone forms the bottom of the pocket and the side chains of K 49 , K 54 , and R 61 constitute the basic rim (Region I in Figs. 2A and 3B ). The K 49 side chain e-NH 3 forms a salt bridge with the carboxylate of 4EGI-1 [E] , and the R 61 side chain guanidino group engages in a cation-π interaction with the o-nitrophenyl group. The thiazolidine ring stacks flat onto the F 47 side chain. The entire Region I is pushed away from the dorsal helices by 4EGI-1[E]. The differences between Region III in the ligand-free and ligand-bound structures (residues K 119 -D 125 in Fig. 3B ) are located in a kink of helix-α 2 that connects strand-β 4 and may be affected by the unfolding of the adjacent 3 10 -helix (S 82 -L 85 ). The differences in Region IV (K 206 -K 212 ) are in a less well-defined connector between helix-α 4 and strand-β 8 that contacts the triphosphate group of m 7 GTP. This connector is part of one of the prongs that clamps the cap, and it also contains S 209 that can be phosphorylated by Mnk1/2 kinases (28). The C-terminal end of Region IV makes contact with 4EGI-1[E] bound in between two neighboring protein molecules in the crystal (Fig. 3) . However, this proteinligand interface is caused by crystal contacts that presumably do not exist in solution (see below).
Comparison of the eIF4E Complexes with 4EGI-1 and eIF4G. To elucidate the mechanism of allosteric inhibition, we compare the small-molecule inhibitor-bound structure and the structure in complex with eIF4GII [621] [622] [623] [624] [625] [626] [627] [628] [629] [630] [631] [632] [633] [634] (Fig. 4) . Fig. 4C reports rmsd values between structures of eIF4E bound to eIF4GII 621-634 and those bound to either 4EGI-1[E] (Fig. 4C , blue bars) or ligand-free eIF4E (Fig. 4C, red bars) . The allosteric effect seems to be related primarily to the changes in Region II, possibly Region I, and the N terminus (Fig. 4C , blue bars). Region III differences are just caused by the eIF4G-peptide binding or different crystal contacts. Region II is compared in detail in Fig. 4 A and B. The 4EGI-1-induced dislocation of the 3 10 -helix (S 82 -L 85 ) moves the side chain of Q 80 , exposed in the eIF4E/eIF4G complex, to a position where it interacts through water molecules with D 127 of helix-α 2 , further stabilizing the new turn in helix-α 1 (Fig. 4) . The side chain of H 78 , which contacts water molecules trapped under the C-terminal residues P 636 A 637 of the bound eIF4G peptide, moves away toward the 3,4-di-chlorophenyl moiety of bound 4EGI-1 [E] . The movement of the 3 10 -helix (S 82 -L 85 ) from the space between helices-α 1 and -α 2 to the C terminus of α 1 opens a large cavity underneath helix-α 1 between the dorsal helices and the central β-sheet, the entrance of which is visible in Fig. 2C and Movies S1-S3. In the case of 4EGIpBr[E], both long and short states of helix-α 1 were observed in the electron density map, and final structure refinement resulted in a 47% occupation for the extended helix-α 1 and 53% occupation for the short helix-α 1 conformation, which indicate that this region is flexible. Helix-α 1 spans the binding sites for 4EGI-1[E] and the eIF4GII peptide and seems to be the pivotal element of the allosteric effect. The helix extension induced by 4EGI-1[E] comes with numerous additional localized structural changes. Some of them are illustrated in Fig. 4 and Movies S1-S3; Movies S1-S3 shows morphing of the transition from the eIF4G-bound state to the 4EGI-1[E]-bound conformation devoid of eIF4G. . In the case of pA4EGI-1[E], the nitro-phenyl ring is rotated toward eIF4E, forming a possible hydrogen bond with the backbone (Fig. S3) . Therefore, the most obvious contacts that could lead to oligomerization through the small-molecule ligands are residues belonging to Sites A and B that sandwich 4EGI-1 analogs (Fig. 5A) .
To test whether 4EGI-1[E] binds Site A as suggested by the NMR experiments or Site B, potentially causing a compound-induced dimerization, we created the F 47 A mutation, which deepens the binding pocket in Site A and the K 49 A mutation, which eliminates the salt bridge between the lysine side chain and the carboxylate of the inhibitor. Indeed, the drop in the displacement curve of the fluorescence polarization (FP) assay for F 47 A shifts to lower compound concentrations, signifying a stronger binding and better inhibitory activity, whereas K 49 A indicates considerably weaker binding (Fig. 5B ). When targeting Site B, the V 216 A and R 181 A mutations do not affect the compounds displacement activity (Fig.  5B) , and the R 173 E/T 177 S/R 181 A triple mutation that reverts three residues on helix-α 3 of Site B also does not affect the compounds displacement activity (Fig. 5D ). This effect of the mutations establishes Site A as the binding site in solution, whereas compound-induced oligomerization through Sites A and B can be ruled out as the mechanism of inhibition.
However, the interface of the dorsal helices in the dimer seen in the crystal, part of which forms the peptide-binding site in the eIF4E/eIF4GII 621-634 structure (Fig. 5C) , could lead to oligomerization through direct eIF4E protein-protein contacts conferred on the induced structural changes to eIF4E by 4EGI-1 analog binding. Most of the eIF4E structures in the PDB contain a dimer in the crystal with contacts through the dorsal helices (Table S2) . However, there is no evidence that free eIF4E forms a dimer in solution. This monomeric state is consistent with the fact that the eIF4GII 621-634 peptide binds to this dorsal surface in the eIF4E/eIF4GII complex crystal structure. This binding event would be inhibited if the dimer would be present in solution. However, adding 4EGI-1 makes eIF4E slightly less soluble. Thus, it could be that compound binding induces oligomerization, similar to that seen in the dimer interface in crystals. Inducing this dimerization could prevent binding of eIF4G, because it uses the same binding site. To test this hypothesis, we made several mutants targeting the contact sites observed in the crystal lattice, assuming that they would be the prime candidates for inducing aggregation in solution. We tested the mutated eIF4E for 4EGI-1[E] activity to displace the eIF4G peptide in an FP assay and displayed the IC 50 values as blue bars in Fig. 5D . Because the FP assay requires a binding-competent peptide, we also measured peptide dissociation constant K d for all mutants as red bars in Fig. 5D . The mutants targeting the residues in the dorsal helices in the crystallographic dimer interface (Fig. 5C ) are labeled C (Dorsal) in Fig. 5D . No IC 50 values are given for residues that disable peptide binding (L 135 R and R 186 E). The displacement and binding data are shown in Figs. S5 and S6. Because none of these mutants disabled 4EGI-1 inhibitory activity (no increase of IC 50 ), there is no evidence for inhibitor-induced dimerization through this dorsal interface.
To further test whether 4EGI-1 binding would cause oligomerization, we used measurements of 15 N chemical shift anisotropy/ dipole-dipole (CSA/DD) cross-correlated relaxation rates to estimate the effective rotational correlation time τ c of eIF4E and its complex with 4EGI-1. Using the method by Wang et al. (30) , we obtained average τ c values for the folded part of eIF4E of 15 ± 5 and 17 ± 6 ns for the free protein and the complex, respectively. Because this difference is not significant, the relaxation experiments do not support any 4EGI-1-induced oligomerization.
Of interest is L 131 in eIF4E, which makes direct contact with the conserved L 630 of eIF4G. The L 131 R mutant reduced peptide affinity twofold and enhanced 4EGI-1 displacement activity threefold ( Fig. 5 and Figs. S5 and S6 ). Located at helix-α 2 , the residue does not make direct intermolecular contact over the Because small-molecule inhibitor-induced extension of helix-α 1 seemed to be important for the allosteric mechanism, we introduced the N 77 E and H 78 E mutations to increase helix propensity. Indeed, N 77 E exhibits an almost 10-fold lower affinity for the eIF4G peptide and twofold enhanced IC 50 for 4EGI-1 (Fig. 5D) , which support the notion that the helix extension and associated side-chain rearrangements are central to the allosteric mechanism. Similarly, we observe weaker peptide binding for the H 78 E mutation, which may also reflect the loss of favorable contacts to three water molecules that are simultaneously contacted by the C-terminal residues of the bound eIF4GII-derived peptide. The fact that 4EGI-1[E] is less active against this mutant is probably caused by the elimination of the histidine side chain, which interacts with the 3,4-di-chlorophenyl moiety of the inhibitor.
To further characterize the dynamic rearrangement of the protein on inhibitor binding, we initiated 15 N relaxation experiments. Fig. S7 displays transverse relaxation rates R2 of a B1 domain of protein G (GB1) -eIF4E fusion protein in the absence of 4EGI-1. The stability of full-length eIF4E was enhanced by the fusion with GB1 (31) and measuring at the low temperature of 10°C. Relaxation rates could not be measured for all residues because of signal overlap, missing assignments, and broad lines at this low temperature. However, we find that helix-α 1 is significantly more mobile than the surrounding residues, which is indicated by the smaller rates. More comprehensive relaxation studies and studies of the effect of 4EGI-1, eIF4G, and 4EBP-1 binding are being pursued.
Discussion
The functions of the translation initiation factor eIF4E-eIF4G complex and its assembly regulator 4EBPs are central for eukaryotic protein synthesis. The unique small-molecule 4EGI-1, which disrupts eIF4F complex and stabilizes 4EBP1 binding to eIF4E, has been an attractive tool for the understanding of translation mechanisms and a promising frame for the design of potent candidate lead compounds for cancer therapy. However, the underlying mechanisms of the inhibition have been elusive. Here, we report the crystal structure of the eIF4E/4EGI-1[E] complex at 1.5-1.8 Å resolution. The structure confirmed the location of the inhibitor-binding site indicated by NMR. Our data showed that 4EGI-1 displaces eIF4G by attaching to a hydrophobic/basic pocket of eIF4E between strand-β 2 (L 60 -T 68 ) and helix-α 1 (E 69 -N 77 ), elucidating the inhibitory mechanism of 4EGI-1 at atomic level. Because the compound-binding site is distant to the eIF4G-binding site, the inhibitor must act by an allosteric mechanism, and the key element seems to be helix-α 1 , which connects the binding sites of the inhibitor and the eIF4G peptide.
Unexpectedly, in the crystal only, every other protein shows a 4EGI-1 molecule bound. Apparently, the conditions used here are not compatible with all molecules adapting identical conformations. The ligand-free copy of the protein does not show the extension of helix-α 1 , and the site of the extension shows some electron density that may originate from molecules of the crystallization medium. It is not uncommon that proteins form asymmetric dimers in crystals, and the crystallization process captures two different states that rapidly interconvert in solution.
Here, we capture two snapshots of a dynamic protein ligand complex. The observation that one copy does not have the inhibitor bound is consistent with the relatively weak affinity and somewhat captures two states in thermodynamic equilibrium.
To elucidate the mechanism of the allosteric effect, we used point mutations and a fluorescence polarization assay and showed that structural rearrangements, including unfolding of a short 3 10 -helix (S 82 -L 85 ) and elongation of helix-α 1 by one turn (H 78 -S 82 ), are crucial to subsequently prevent eIF4G recruitment. This model for the allosteric inhibition mechanism is supported by the observation that the helicity-enhancing mutants N 77 E and H 78 E destabilize eIF4GII peptide binding. Additional mutants to test this hypothesis are being pursued.
To further examine the role of this helix-α 1 , it will be interesting to characterize the dynamics of this helix and the entire The region between L81-N84 shows a dramatic conformational change between a loop/ 3/10 helix turn in the eIF4GII-bound state (blue) and an extra α-helix turn in the 4EGI-1-bound state (yellow). 4EGI-1 is shown with orange sticks, and the eIF4GII peptide is shown as a pink cartoon. The transition can be seen in Movies S1-S3. (B) Cartoon of the topology of the eIF4F complex (cyan) containing the cap-binding protein eIF4E (dark cyan), the scaffold protein eIF4G (light cyan), and the RNA helicase eIF4A (green). eIF4E binds the 5′ cap m 7 GTP-nucleotide (red), whereas the RNA helicase eIF4A is thought to unwind secondary structure in the 5′ UTR to clear a landing pad for the small ribosomal subunit and facilitate scanning to the start codon. The small-molecule 4EGI-1 discovered by a fluorescence polarization assay as a compound that inhibits eIF4G peptide from binding to eIF4E was presumed to bind at the same epitope. Our studies reveal that, instead, it binds to the other side of α-helix(69-82), inhibiting the eIF4G binding allosterically. eIF4E with relaxation time measurements. Indeed, initial data indicate that helix-α 1 exhibits enhanced mobility and fluctuates between different conformations. Thus, it seems that the protein adopts multiple conformational states and inhibitor binding shifts to populations that are inconsistent with binding the eIF4G peptide. All data indicate a population shift rather than an induced fit mechanism. This protein conformation change is visualized with Fig. 6A , which depicts consecutive steps of the morphing of eIF4E from the eIF4G-bound state to the 4EGI-1-bound form. A better visualization of the conformational transition can be seen in Movies S1-S3. This is not a molecular dynamics simulation of the actual pathway and kinetics of the transition but rather a linear interpolation of the two different states of the protein as captured between chain A and chain B followed by a small local energy minimization. The location of the crucial helix is indicated in the cartoon of Fig. 6B .
We anticipate that a systematic comparison of dynamic measurements of eIF4E alone and in complexes with 4EGI-1 and eIF4G will provide more detailed insights into this allosteric mechanism. However, comprehensive measurements of relaxation times are complicated by spectral overlap and will require new experimental approaches, which are being explored. Eventually, this system could become a model system for testing computational approaches for studies of allosteric effects.
Allosteric mechanisms of protein function and inhibitor action are poorly understood and represent a big challenge for advancing basic drug design. Here, we have derived a structurebased rationale for the allosteric mechanism of the disruptive function of 4EGI-1 in prying eIF4G from eIF4E by stabilizing conformational states that do not allow eIF4G binding. Furthermore, the molecular insight obtained from the structure of the eIF4E/4EGI-1[E] complex suggests a similar mechanism of action for the analogous compounds 4E1RCat and benzoic acid derivatives that were also identified by their ability to disrupt the eIF4E/eIF4G complex (26, 32) . The most unexpected finding is that the 4EGI-1 binding site is located at the lateral surface of eIF4E distant to the known eIF4G fragment binding site on eIF4E. Previous studies showed that 4EGI-1 effectively disrupts full-length eIF4E-eIF4G interaction and increases 4EBP1 binding to eIF4E in cells in vivo. Structural studies of the complex between eIF4E and full-length 4EBP have not been successful because of poor solution behavior of the complex (33) (34) (35) . A previously published structure of the complex between eIF4E and a short peptide from 4EBP-1 contains the conserved YxxxxLΦ motif but does not contain any of the phosphorylation sites (23) . Studies of eIF4E complexes with longer 4EBP-1 fragments are being pursued together with a characterization of the consequences of truncating 4EBP-1 and the mechanisms of the stabilizing effect of 4EGI-1.
The eIF4E/4EGI-1[E] complex structure provided here may facilitate the understanding of the molecular mechanisms of eIF4F assembly and its regulation by 4EBPs, which is essential for protein synthesis control. The high-resolution structures will provide an opportunity for a structure-based optimization of the inhibitors, such as reaching the cavity shown in Fig. 2C or better using the basic site accessed here by the nitro-phenyl group. The parent compound has been shown to have antitumor activity in vitro and in vivo (8) and enhanced activity against hypoxic tumors (11) . Thus, the results shown here may pave the way for the development of a panel of therapeutics that target a tumor control point at the convergence of signaling pathways relevant for tumor formation.
Materials and Methods
Protein Purification, Crystallization, and X-Ray Structural Determination. For protein crystallization, a construct of human eIF4E with a deletion of the first 26 amino acids Δ 26 -eIF4E was used. Transformed Escherichia coli (BL21) were grown in LB media, and recombinant protein expression was induced with 0.1 mM isopropyl-β-d-thiogalactopyranoside at OD 600 = 0.6 overnight at 23°C; 3 g wet cell pellet was collected per 1 L culture and kept frozen at −30°C. The bacteria pellet from 2 L culture was resuspended in 40 mL 50 mM Tris·HCl, pH 7.5, 100 mM NaCl, 1% Triton-X, and 5 mM tris(2-carboxyethyl)phosphine (TCEP), including an EDTA free protease inhibitors tablet, lysozyme, RNase, and DNase for cell wall and nucleic acid lysis, and lysed in a cell microfluidizer. The lysed cells were centrifuged at 38,000 × g for 1.5 h. The supernatant was syringe-filtered and passed through a diethylaminoethylcellolose (DEAE) column equilibrated in the same buffer. The flow through was applied for 1.5 h to an adipic-agarose-m 7 GDP column prepared as described before (36) for the purification of m 7 GDP-binding eIF4E. The adipic-agarose-m 7 GDP with the bound protein was washed five times with 50 mL 10 mM Hepes, pH 7.5, 125 mM NaCl, and 1 mM TCEP, and bound Δ 26 -eIF4E was eluted four times with 10 mL buffer containing 100 μM m 7 GTP or m 7 GDP plus 10 mM TCEP. The eluted fractions were pooled, concentration was determined by the Bradford assay, and they were further concentrated by ultrafiltration through a 15-mL, 10-kDa-cutoff centrifuge filter to 3 mL final volume. The concentrated eluate was applied for size-exclusion chromatography to a Superdex75 16/10 preparative column (GE Healthcare) using the same buffer as in the adipic-agarose-m 7 GDP wash step; Δ 26 -eIF4E appeared as a single peak with an apparent molecular mass of 21 kDa. Fractions containing pure protein were pooled. TCEP was added to a final concentration of 10 mM, and the pooled fractions were concentrated to 1 mg/mL measured by light absorbance at 280 nm with a nanodrop; 1 L culture yielded about 3-5 mg pure protein.
For crystal trials, the protein was further concentrated to 9 mg/mL. Smallmolecule ligand 4EGI1-[E] and analogs were dissolved in DMSO at 12.5 mM concentration based on dry powder weight. They were mixed with the concentrated protein stock at a protein:ligand stoichiometry ranging between 2:1 and 1:5, with the best results obtained in the 2:1-1:1 range. The mixtures were incubated at room temperature while the crystal trays were set up. For crystallization, the protein-compound mixture was diluted in a series of concentrations ranging from 9 to 1 mg/mL, and the sitting drop method was used with 1 μL protein-compound mixture plus 1 μL reservoir buffer containing 10-25% (vol/vol) 3.3-kDa PEG, 100 mM MES, pH 6.0, 10% (vol/vol) isopropanol, and 2 mM CaCl 2 . Trays were kept at room temperature (20°C) while crystals appeared and stopped growing within 2-4 d. Optimal crystal size and morphology were obtained from conditions around 7 mg/mL protein concentration and 17-20% (vol/vol) 3.3-kDa PEG.
For cryoprotection, 5% (vol/vol) glycerol was added to the crystal drop and left to equilibrate for 5 min. Crystals were mounted and flash-cooled in liquid nitrogen. Data were collected at the APS X-Ray Synchrotron Source at Argonne Laboratories, with some crystals diffracting up to 1.5 Å resolution. Reflections were indexed, integrated, and scaled using XDS (37) . The crystals are monoclinic and belong to space group P2 1 . Structures containing two eIF4E molecules per asymmetric unit were solved by molecular replacement using PDB ID code 1EJ1 as the search model in PHASER (38) . Models were built in O (39) and refined with the PHENIX refinement software (40) using individual restrained coordinate and B-factor refinement combined with refinement of the parameters for TLS groups that were defined using the TLS Motion Determination server (41) . Riding hydrogen atoms were included during the refinement. The final models deposited with the PDB (PDB ID codes 4TPW, 4TQB, and 4TQC) are of good quality, which was assessed using the MolProbity structure validation software (42) (Table S1) .
NMR Experiments. A protein sample for NMR was prepared using an N-terminal fusion of eIF4E with GB1-eIF4E to enhance solubility and stability (31) . Transformed E. coli were grown in M9 minimal media supplemented with 13 C-ketobutyrate and 13 C-ketoisovalerate precursors for the selective 13 C labeling of isoleucine, leucine, and valine methyl residues. The protein was expressed and purified in the same way as Δ 26 -eIF4E used for crystallization, except that the DEAE column step was omitted. Liquid-state NMR experiments were performed in a buffer containing 100 mM Na-phosphate, pH 6.5, plus 5% (vol/vol) D 2 O used for locking and shimming. A series of 13 C-HSQC spectra was recorded in a 600-MHz Varian Spectrometer with the titration of different amounts of 4EGI1-[E] from a 12.5 mM stock solution in perdeuterated D 6 -DMSO. Data were processed by NMRpipe and transferred to Sparky for spectra visualization and peak volume integration. The peak volumes were compared in a spreadsheet, and the results were transferred to PyMol for visualization and mapping on the residues and existing eIF4E protein structures.
Protein samples for 15 N relaxation experiments were prepared using a GB1-eIF4E construct expressed in E. coli grown in M9 minimal media containing D 2 O and 15 NH 4 Cl. The protein was expressed and purified as described above. The transverse relaxation constants for the narrow and broad doublet component were measured using the method by Wang et al. (30) with a Bruker Avance III 750-MHz NMR Spectrometer equipped with a cryoprobe. The experiments were carried out at T = 5°C. Relaxation delays of 11.1, 22.2, and 33.3 ms were used, corresponding to N/J NH , in which n = 1, 2, and 3 and J NH = 90 Hz. Data were processed in NMRpipe, and peak intensities were extracted using Sparky. Rotational correlation times were calculated from relaxation data using the TRACT method by Lee et 15 N CSA tensor, the N-H bond-θ = 17°, and a difference of the two principal components of the 15 N CSA tensor Δδ = 160 ppm. Transverse relaxation rates R 2 were measured with the same sample on a Bruker Avance II 900-MHz Spectrometer at 10°C using standard experiments. During the relaxation delay, the 15 N-transverse relaxation was refocused using a single hard 180°pulse while applying the WALTZ-16 decoupling scheme with an rf amplitude of 5 kHz to the amide protons. Relaxation delays of 12 (repeated two times), 24, 36, 48 (repeated two times), 60, 72, 84, and 96 ms were used. These values correspond to multiples of the WALTZ-16 block. Data were processed in NMRpipe, and the peak intensities, extracted using Sparky, were fitted to exponential decays in Relax. The errors on the relaxation rates were estimated by using a Monte Carlo procedure with 500 runs.
Mutations and Fluorescence Polarization Experiments. A human GSTeIF4E construct was used to study the effect of single-amino acid mutations on the 4EGI1-[E] inhibitory activity against the eIF4E/eIF4G-peptide complex formation. F 47 A, K 49 A, R 181 A, and V 216 A mutant constructs were produced by site-directed mutagenesis. WT and mutant GST-eIF4E constructs were expressed in E. coli under similar conditions as the Δ 26 -eIF4E protein described above and purified in a similar way, except without the use of DEAE column.
For fluorescence polarization, pure eIF4G-peptide conjugated with fluorescein derived by amino acid synthesis with the sequence KKQYDREFLLDFQFK-FITCH was used. A 1-mL solution of 30 μM eIF4G-peptide plus 0.5 μM protein in 100 mM Na-phosphate, pH 7.5, buffer was prepared for each mutant and used to fill 30 μL in each well of two columns of a 384-well dark background plate, except from the first row. In the first row wells, 60 or 90 μL each GST-eIF4E-mutant/eIF4G-peptide mixture plus 4EGI1-[E] from 12.5 mM stock solution in DMSO to a final concentration of 500 μM was added. Using a multipipette, 30 or 60 μL solution was drawn from the first row and poured into the second row, henceforth creating a series of dilution by 1/2 or 2/3. The tray was read by an EnVison plate reader.
Fluorescence Quenching. Human eIF4E contains eight tryptophanes, making it a strongly fluorescent protein. This property has been exploited in previous studies (44) (45) (46) . We observed that the 4EGI1[E/Z] analogs also induce quenching of the protein intrinsic fluorescence. A solution of 1 μM Apo-GB1-eIF4E that was prepared by elution with 1 M NaCl from the adipic-agarosem 7 GDP column or m 7 GTP-GB1-eIF4E in 100 mM Na-phosphate, pH 7.5, buffer was prepared. On a 96-round well, flat-bottom, black-background plate, we loaded 150 μL in each well that was measured. Starting with 4EGI1(E/Z) concentrations of 300 or 150 μM, we followed with serial dilutions by a factor of two. Measurements of fluorescence intensity were obtained using top read from a FlexStation3 microplate reader. The results were fitted to a 1:1 binding equilibrium equation using the program GRAFIT 2.0, and the K d , background fluorescence, and fluorescence intensity of 1 μM eIF4E were fitted as free parameters.
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SI Text
Movies S1-S3 visualize the structural differences between the complex of eIF4E with 4EGI-1[E] as described here and eIF4-GII 621-634 as described previously (1) . We used a morphing script for CNS software and PyMol (2) to visualize the transition between the two states of eIF4E bound with the eIF4GII-peptide and eIF4E bound with 4EGI-1[E]. Movies S1-S3 are best watched with Quick Time Player. (Bottom) Histograms of the peak heights of GB1-eIF4E spectrum. Negative bars indicate missing assignments. The histogram shows that GB1 and the N terminus of eIF4E exhibit considerably taller peaks than the structured eIF4E residues, which is consistent with higher mobility. On addition of 90 μM 4EGI-1[E], there is an eIF4E total peak height reduction of 69.94% with an SD of 9.76%. On addition of 270 μM 4EGI-1[E], the eIF4E total peak height reduction is 70.49% with an SD of 11.7%. The Z scores measured as (peak height reduction − average peak height reduction)/SD for each residue amide backbone peak are shown in the two histograms in Bottom. Regions I and II show considerable larger peak height reduction than the average. Places where no bars are shown have assignments, but relaxation rates could not be measured because of peak overlap. Low bars indicate slow transverse relaxation correlated with sharp lines and higher mobility. Tall bars indicate relatively fast relaxation and slow overall tumbling, which are seen for most of the globular part of eIF4E. The average R 2 values for the tethered GB1 tag are lower than for the globular region of eIF4E because of its smaller size and higher mobility. The fact that the average R 2 values for the GB1 tag are lower than for the globular part of eIF4G shows that the tag is flexible relative to eIF4E. The N-terminal tail of eIF4E (residues 1-42) has even lower R 2 values, confirming that it is flexible and has no defined structure. Of particular interest are the relaxation rates for helix-α 1 (residues 69-78; bold vertical arrow). The relaxation rates are significantly smaller for residues 69-72 than for the neighboring residues. Rates for residues 73-75 could not be measured because of spectral overlap. However, the data obtained indicate enhanced mobility of this helix, which may be relevant for its role in the allosteric inhibitor effect. This experiment will be followed up with more detailed relaxation studies of eIF4E alone or bound to 4EGI-1, eIF4G, and eIF4E binding protein-1. *Among structures of comparable resolution, 100th percentile is the best, and 0th percentile is the worst.
